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(57) ABSTRACT

The invention relates to a method for treating an aqueous
solution comprising at least an oil phase dispersed as drops
in an aqueous phase, the oil being petroleum crude oil.
According to the invention, at least the following steps are
carried out: adding at least a tetravalent salt to the aqueous
solution at a predetermined concentration, then separating
by flotation the oil phase from the aqueous phase present in
the aqueous solution to which at least the tetravalent salt has
been added.

Application in particular to the treatment of a produced
water or a produced effluent of petroleum origin.
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METHOD FOR TREATING BY FLOTATION
AN AQUEOUS SOLUTION FROM A
PETROLEUM PRODUCTION

FIELD OF THE INVENTION

[0001] The present invention relates to the field of treating
an aqueous solution comprising at least an oil phase dis-
persed as drops, the oil being notably a crude oil from oil
production.

[0002] More specifically, the present invention relates to
the treatment of a produced water resulting from a first
water/oil separation step applied to a petroleum effluent, the
effluent being for example derived from the enhanced recov-
ery of hydrocarbons trapped within an underground forma-
tion. The present invention can also be directly applied to a
petroleum effluent when this effluent is very predominantly
aqueous.

BACKGROUND OF THE INVENTION

[0003] Conventionally, an operation of enhanced recovery
of hydrocarbons trapped in a geological reservoir comprises
injecting a sweep fluid into an injection well, the sweep fluid
driving the fluids trapped in the porous medium of the
geological reservoir towards at least one production well.
[0004] Conventionally, the production string of a produc-
tion well is terminated at the surface by a wellhead to which
a flowline collecting the petroleum effluent thus produced is
connected. This fluid is a mixture comprising part of the
hydrocarbons present in the formation (in form of oil and
gas), sweep fluid components (such as polymers, surfactants
and/or alkaline compounds in the case of chemical EOR)
and water (possibly in form of brine).

[0005] The flowline generally carries the petroleum efflu-
ent to a treatment facility that may include means for
mixing, diluting, separating and/or treating oil, water and
gas. Generally, the first step of the petroleum effluent treat-
ment consists in separating the water and the oil by gravity
(for example by means of a two-phase or three-phase
separation method or of a Free-Water Knock-Out type
equipment). The oil thus recovered is sent to desalting and
dehydration processes.

[0006] The reject fluid, also referred to as produced water,
is an essentially aqueous fluid, but it generally still contains
oil drops and impurities. To remove these impurities and the
oil drops, the water is sent to water treating processes. After
this produced water treatment, a standardized quality water
is discharged or (re)injected through a suitable well into an
underground formation.

[0007] A known method for produced water treatment is
the flotation technique, as described for example in the
document (Moosai and Dawe, 2003: Moosai, Roshni &
Dawe, Richard (2003). Gas attachment of oil droplets for
gas flotation for oily wastewater cleanup. Separation and
Purification Technology, 33(3), 303-314. Separation and
Purification Technology, 33, 303-314. 10.1016/S1383-5866
(03)00091-1). This technique consists in collecting at least
part of the oil droplets dispersed in the aqueous phase, for
example through injection of a gas into the produced water.
Indeed, the assembly thus formed, made up of gas bubbles
and oil droplets, has a much lower density than the oil
droplets alone, which greatly accelerates the gravity-driven
oil/water separation. However, collection of the oil droplets
by flotation is sometimes slow or inefficient.

Nov. 19, 2020

[0008] The goal of the present invention is to improve the
efficiency and the speed of the flotation separation of the oil
and water phases present in an aqueous solution comprising
oil drops in dispersed form, such as produced water. Nota-
bly, the method according to the invention comprises a step
consisting in adding at least tetravalent cations to the pro-
duced water, prior to the oil/water flotation separation step.

SUMMARY OF THE INVENTION

[0009] In general, the invention relates to a method for
treating an aqueous solution comprising at least an oil phase
dispersed as drops in an aqueous phase, said oil being a
petroleum crude oil. The invention comprises at least the
following steps:

[0010] a) adding at least one tetravalent salt to said aque-
ous solution according to a predetermined concentration,
[0011] b) separating by flotation said oil phase from said
aqueous phase present in said aqueous solution to which at
least said salt has been added.

[0012] According to an implementation of the invention,
said concentration can be predetermined in such a way that
the zeta potential of said oil drops ranges between —20 mV
and +20 mV.

[0013] Advantageously, said concentration can be prede-
termined in such a way that the zeta potential of said oil
drops ranges between —10 mV and +10 mV.

[0014] According to an implementation of the invention,
the tetravalent salt can be a zirconium salt.

[0015] Advantageously, the zirconium salt can be a zirco-
nium chloride.
[0016] Preferably, at least one anti-corrosion agent can be

injected simultaneously with said zirconium chloride.
[0017] According to an implementation of the invention,
said tetravalent salt concentration can range between 0.05
ppm and 50 ppm.

[0018] According to a variant embodiment of the inven-
tion, said flotation can be performed at least by injecting a
gas into said aqueous solution.

[0019] Preferably, said injected gas can be nitrogen.
[0020] According to another variant embodiment of the
invention where said solution further comprises a phase in
form of dissolved gas, said flotation can be performed at
least through decompression of said aqueous solution.
[0021] According to an implementation of the invention,
said aqueous solution can further comprise a surfactant.
[0022] According to an implementation of the invention,
said aqueous solution can be a produced water.

[0023] Alternatively, said aqueous solution can be a pro-
duced effluent whose water/oil ratio is above 98%.

[0024] Advantageously, a step of primary separation of
said phases present in said effluent can be carried out
beforehand, through gravity, centrifugal or hydrocyclone-
driven separation.

BRIEF DESCRIPTION OF THE FIGURES

[0025] Other features and advantages of the method
according to the invention will be clear from reading the
description hereafter, given by way of non-limitative
example, with reference to the accompanying figures
wherein:

[0026] FIG. 1 shows the evolution of the Ct/Cinit ratio as
a function of the time t of gas injection into a flotation cell,
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in the case of an aqueous solution sample comprising a
tetravalent salt (curve C2) and in the case without tetravalent
salt (curve Cl1),

[0027] FIG. 2 shows the evolution of the zeta potential
(ZP) of the oil drops as a function of the zirconium chloride
concentration ([ZRCL4]) in an aqueous solution,

[0028] FIG. 3 shows the evolution of the Ct/Cinit ratio as
a function of time t, in cases where no tetravalent salt is
injected into an aqueous solution (curve C1), and in cases
where a zirconium chloride is added to the aqueous solution
in a concentration of 0.5 ppm (curve C2), and

[0029] FIG. 4 shows the evolution of the Ct/Cinit ratio as
a function of time t, in cases where no tetravalent salt is
injected into a produced water sample (curve Cl), and in
cases where the zirconium chloride is injected in a concen-
tration of 13 ppm (curve C2).

DETAILED DESCRIPTION OF THE

INVENTION
[0030] The following definitions are used in the descrip-
tion hereafter:
[0031] Petroleum effluent: in the sense of the present

invention, it is a fluid collected in at least one production
well during enhanced oil recovery in a geological reservoir.
This fluid is a mixture comprising part of the hydrocarbons
present in the formation (including at least part of the
hydrocarbons present in the geological reservoir in oil
form), possibly sweep fluid components (such as surfactants,
alkaline compounds as in the case of chemical EOR, etc.)
and water (possibly in brine form) from the sweep fluid
and/or the geological reservoir. The petroleum effluent gen-
erally comes in form of a mixture of water and oil. The
proportion of water to oil (watercut) in the petroleum
effluent can for example range between 5% and 99%, and it
generally evolves according to the duration of the field
production period,

[0032] Produced water: in the sense of the present inven-
tion, it is a fluid resulting from a first oil/water separation
step applied to a produced effluent. Produced water is
generally characterized by a low proportion of residual oil in
relation to the aqueous phase, generally below 1%,

[0033] Zeta potential of the oil drops: it is the potential
related to the electric charge carried by the oil droplets.
[0034] The present invention relates to a method for
treating an aqueous solution comprising at least an oil phase
dispersed as drops within the aqueous solution. More pre-
cisely, the present invention relates to the separation of the
oil and water phases of an aqueous solution. According to
the invention, the oil is a petroleum crude oil.

[0035] According to an implementation of the invention,
the method according to the invention relates to the treat-
ment of an aqueous solution derived from an enhanced oil
recovery operation in a geological formation.

[0036] According to an implementation of the invention,
the aqueous solution according to the invention is a pro-
duced water. According to another implementation of the
invention, the aqueous solution according to the invention is
a produced effluent whose water/oil proportion is at least
98%. According to an implementation of the invention, a
produced effluent with such a watercut may have been
obtained after primary separation of the phases present in the
effluent, performed for example through gravity, centrifugal
or hydrocyclone-driven separation.

Nov. 19, 2020

[0037] The method according to the invention comprises
at least the following steps:

[0038] 1—adding at least one tetravalent salt to the aque-
ous solution to be treated according to a predetermined
concentration,

[0039] 2—separating by flotation the oil phase and the
aqueous phase present in the aqueous solution to which at
least the tetravalent salt has been added.

[0040] Thus, the purpose of the method according to the
invention is to improve the separation of the oil and water
phases present in an aqueous solution by adding, prior to
implementing a flotation method, a tetravalent salt to the
aqueous solution to be treated. According to a first variant of
the invention, flotation is performed by injecting a gas into
the aqueous solution to be treated (a method known as
Induced Gas Flotation). According to this variant of the
invention, the injected gas may be air, nitrogen or a gas
available on site (natural gas for example). According to a
second variant of the invention wherein the aqueous solution
further comprises a dissolved gas, flotation can be conducted
by decompression of the vapour dissolved gas (a method
known as Dissolved Gas Flotation); this decompression can
be carried out using a dual-inlet pump allowing for example
the aqueous solution to be mixed with vapour. Alternatively,
the two flotation variants described above may be combined.
[0041] As shown in the application examples described
hereafter, adding a tetravalent salt to an aqueous solution
comprising dispersed oil drops allows the zeta potential of
these oil drops to be lowered. The electrostatic repulsions
between the oil drops and the gas bubbles generated by
flotation in the aqueous solution during step 2 are then
reduced, which enables adhesion of the oil drops to the
flotation-generated bubbles, thus promoting rise thereof to
the surface. The method according to the invention thus
makes the flotation step faster and more efficient.

[0042] According to an implementation of the invention,
the concentration at which the tetravalent salt is added is
predetermined in such a way that the zeta potential of the oil
drops dispersed in the aqueous phase ranges between —20
mV and +20 mV. Indeed, a zeta potential in this range
provides efficient and fast separation of the oil and water
phases present in an aqueous solution, as shown in the
application examples below.

[0043] Advantageously, the concentration at which the
tetravalent salt is added is predetermined in such a way that
the zeta potential of the oil drops dispersed in the aqueous
phase ranges between —10 mV and +10 mV. Indeed, a zeta
potential in this range provides yet more efficient and faster
separation of the oil and water phases present in an aqueous
solution, as shown in the application examples below.
[0044] According to an implementation of the invention, it
is possible to determine a concentration in at least one
tetravalent salt to be added to the aqueous solution to be
treated in such a way that the zeta potential of the oil drops
of this solution is contained in a desired range (typically
between -20 mV and +20 mV, or preferably between -10
mV and +10 mV) by means of laboratory experiments
wherein the tetravalent salt(s) are injected into samples of
the aqueous solution to be treated at different concentrations,
contained in a concentration range (typically, the tetravalent
salt concentration range to be tested is defined by a mini-
mum value of 0.5 ppm and a maximum value of 50 ppm),
and zeta potential measurements are performed for each of
these concentrations. The zeta potential measurements are
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performed for example using the Zetasizer Nano Series™
analyzer from Malvern Instruments. It is obvious to special-
ists that a limited number of such experiments (about ten, at
most) is necessary to determine a tetravalent salt(s) concen-
tration allowing a zeta potential in a desired range to be
obtained.

[0045] According to an implementation of the invention,
the number of experiments can be reduced in order to reach
the desired zeta potential by using a bisection method for
exploring the possible concentration range. In other words,
according to an implementation of the invention, zeta poten-
tial measurements are performed for the two extreme values
of the concentration range (for example for the tetravalent
salt(s) concentrations of 0.5 ppm and 50 ppm) and for a
median value (advantageously, the median value is selected
by considering a logarithmic scale). Then, depending on the
value of the zeta potential obtained for the median value,
either the concentration value range whose upper limit is the
median value or the concentration value range whose lower
limit is the median value is divided in two, and a zeta
potential measurement is performed for the median value of
this new range. This procedure is repeated until a median
value for which the zeta potential is in the desired range is
determined. The number of experiments to be conducted can
thus be reduced.

[0046] According to an implementation of the invention,
the aqueous solution can further contain at least one surfac-
tant. According to an implementation of the invention, the
surfactant is selected from among anionic surfactants or
anionic surfactant mixtures containing notably a sulfonate
surfactant such as an alkylbenzosulfonate (ABS), an internal
olefin sulfonate (IOS), an alkyl glyceryl ether sulfonate
(AGES) or an alkyl ether sulfate (AES), a carboxybetaine or
a sulfobetaine. As shown in the last application example
hereafter, the present invention improves the flotation effi-
ciency even in cases where the aqueous solution to be treated
comprises a surfactant.

[0047] According to an implementation of the invention,
the tetravalent salt is a zirconium salt such as a zirconium
chloride, a zirconium sulfate, a zirconium hydroxide or a
zirconium acetate. The advantages of these salts are further
presented in the application examples hereafter.

[0048] According to an implementation of the invention,
the zirconium salt is zirconium chloride. This salt advanta-
geously has a low environmental impact. However, this salt
may generate a certain corrosion of the metals depending on
the concentration thereof. Thus, according to an embodi-
ment of the invention, when the invention is implemented
using a zirconium chloride, an anti-corrosion agent can be
injected into the aqueous solution simultaneously with the
zirconium chloride.

[0049] According to an implementation of the invention
wherein the aqueous solution is a petroleum effluent, the
method according to the invention can further comprise a
step of treating the gas resulting from a primary separation
of the phases, performed for example through gravity,
centrifugal or hydrocyclone-driven separation. Furthermore,
the treating method according to the invention applied to a
petroleum effluent can comprise a first step of primary
separation of the phases, performed for example through
gravity, centrifugal or hydrocyclone-driven separation.
Besides, the treating method according to the invention
applied to a petroleum effluent can comprise oil treatment
steps such as dehydration, desalting, etc.
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APPLICATION EXAMPLES

[0050] The features and advantages of the method accord-
ing to the invention will be clear from reading the applica-
tion examples hereafter.

[0051] To implement these examples, samples of an aque-
ous solution reproducing a produced water with a watercut
0199.95% are prepared according to the protocol as follows:
100 ml of a brine consisting of 7.5 g/l. NaCl and 1 wt %
Triton X405 are prepared. 45 ml are then poured into a
beaker. The solution is stirred at 13,500 rpm using an
Ultra-Turrax (IKA T25D (digital) with S25N-18G dispers-
ing tool) and 105 ml VEMO oil are added. The emulsion
remains under agitation for 5 min at 13,500 rpm.

[0052] Furthermore, the examples are carried out with the
equipment and the protocol described below. Thus, a cylin-
drical laboratory glass column of inside diameter 7 cm and
height H=60 cm is used. The column has three cocks
allowing samples to be taken, so as to monitor the yield of
the process over time. Flotation is conducted by injecting air
in all the examples, the air coming from a compressed air
network. After an expansion valve set at 2 bars, the desired
air flow rate is set at 40 1/h by means of a Kobold® rotameter
equipped with a valve and a float. Gas injection occurs
through a glass frit with a diameter of 6 cm and a porosity
of 17-40 pum. Sealing between the frit support and the
column is provided by rubber seals and a steel collar. The
size of the bubbles thus generated is in the millimeter range.

[0053] A produced water sample as described above is fed
into the flotation column. Prior to feeding the gas into the
column, the exact initial concentration Cinit in the produced
water is determined. Samples are taken at different times in
the bottom of the column and the residual oil concentration
is determined by dichloromethane extraction and UV-visible
spectrophotometry determination.

Example 1

[0054] The first example is implemented from two pro-
duced water samples obtained as described above. The
produced water has an oil (in form of heavy crude droplets
dispersed in water) concentration of 200 ppm (Cinit) and a
salinity of [NaCl]=1 mM.

[0055] In a first experiment, gas is injected into one of the
produced water samples without tetravalent salt addition. In
a second experiment, zirconium chloride (ZrCl4) of concen-
tration 0.004 mmol/1 is injected into another produced water
sample, prior to gas injection. The oil concentration Ct in the
water is measured for these two samples during the flotation
step.

[0056] FIG. 1 shows the evolution of the Ct/Cinit ratio as
a function of the time (t) of gas injection into the flotation
cell (in other words, the water quality evolution) for each of
these experiments. The lower the Ct/Cinit ratio, the higher
the efficiency of the flotation treatment and, on the other
hand, the closer this ratio to 1, the lower this efficiency.
Thus, it can be observed in this figure that the efficiency of
the flotation method according to the prior art (i.e. without
tetravalent salt addition, curve C1) is low. Indeed, after 10
min flotation, only 36% of the oil has been separated from
the aqueous phase present in the produced water. On the
other hand, prior injection of the zirconium chloride accord-
ing to the invention provides a very clear improvement in the
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flotation efficiency since the water becomes clean (Ct/
Cinit<0.05) for times of the order of 6 minutes (see curve
C2).

[0057] This flotation efficiency improvement provided by
the method according to the invention can be explained by
a zeta potential decrease (in absolute value) in the presence
of zirconium salt, and therefore a reduction of the electro-
static repulsions between the oil drop and the air bubble,
which enables adhesion of the oil drops to the air bubbles,
and thus faster rise thereof to the surface.

Example 2

[0058] The second example is implemented from a series
of nine produced water samples obtained as described
above. For this example, the produced water has an oil (in
form of heavy crude droplets dispersed in water) concen-
tration of 200 ppm (Cinit) and a salinity of [NaCl]=3 mM.
[0059] Zirconium chloride at different concentrations is
injected into the various produced water samples, corre-
sponding to concentrations between 0.2 ppm and 200 ppm.
A measurement of the zeta potential of the oil drops present
in each of the samples is performed. FIG. 2 thus shows the
evolution of the zeta potential (ZP) of the oil drops as a
function of the zirconium chloride concentration ([ZrCl4]).

[0060] It is thus noted in this figure that there is a range of
concentrations for which the zeta potential of the oil drops
is low in absolute value, ranging between —20 mV and +20
mV for example. It can for example be observed that, for a
zirconium chloride concentration of 0.5 ppm, the zeta poten-
tial of the oil drops is =7 mV and, for a zirconium chloride
concentration of 0.7 ppm, the zeta potential of the oil drops
is 12 mV. It therefore clearly appears that it is possible, from
a very limited number of experiments, to determine a
tetravalent salt concentration allowing to reach a zeta poten-
tial in the desired range, for example between -20 mV and
+20 mV.

[0061] Furthermore, it can thus be observed that the evo-
Iution of the zeta potential as a function of the zirconium
chloride concentration follows a regular single-valued
curve. Thus, a method of determining the tetravalent salt
concentration allowing a desired concentration to be
obtained by bisection appears to be particularly suitable.
[0062] FIG. 3 shows the evolution of the Ct/Cinit ratio as
defined in Example 1 as a function of time in cases where no
tetravalent salt is injected into the produced water (curve
C1), and in cases where a zirconium chloride is added to the
aqueous solution in a concentration equal to 0.5 ppm (curve
C2). It can be seen in this figure that adding zirconium salt
at this concentration allows the flotation efficiency to be
greatly improved.

Example 3

[0063] In this example, the salinity of the produced water
is [NaCl]=0.2 g/LL and it comprises a SDBS (sodium dodecyl
benzene sulfonate) surfactant at a concentration of 20 ppm.

[0064] In a first experiment, gas is injected into a sample
of this produced water without tetravalent salt addition. In a
second experiment, zirconium chloride ZrCl4 at a concen-
tration of 13 ppm is injected into another sample of this
produced water, prior to gas injection. The zirconium chlo-
ride concentration is selected so as to obtain a low zeta
potential. Without zirconium chloride and in the presence of
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20 ppm SDBS, the zeta potential of the oil droplets is —83
mV and it is of the order of -1 mV after adding 13 ppm
zirconium chloride.

[0065] Visual observation of the laboratory columns is
performed during the flotation process (results not shown).
It can be observed that, in the absence of zirconium, the
water remains dirty and foam forms at the top of the column.
In the presence of zirconium at a concentration of 13 ppm,
the water is cleaned in 6 minutes and no foam forms at the
top of the column.

[0066] Furthermore, the evolution of the oil concentration
in the water Ct over time is measured in each column. FIG.
4 shows the evolution of the Ct/Cinit ratio as a function of
time, in cases where no tetravalent salt is injected into the
produced water (curve Cl) and in cases where zirconium
chloride is injected at a concentration of 13 ppm (curve C2).
A significant improvement in the flotation efficiency can
thus be observed in the presence of zirconium, even when
the produced water contains a surfactant.

[0067] It thus appears that the presence of tetravalent
cations in an aqueous solution in which oil droplets are
dispersed allows to improve the efficiency of an oil and
water phase flotation separation method, even in cases
where the aqueous solution also comprises a surfactant.

1. A method for treating an aqueous solution comprising
at least an oil phase dispersed as drops in an aqueous phase,
the oil being a petroleum crude oil, wherein at least the
following steps are carried out:

a) adding at least one tetravalent salt to the aqueous

solution according to a predetermined concentration,

b) separating by flotation the oil phase from the aqueous

phase present in the aqueous solution to which at least
the salt has been added.

2. A method as claimed in claim 1, wherein the concen-
tration is predetermined in such a way that the zeta potential
of the oil drops ranges between —20 mV and +20 mV.

3. A method as claimed in claim 1, wherein the concen-
tration is predetermined in such a way that the zeta potential
of the oil drops ranges between —10 mV and +10 mV.

4. A method as claimed in claim 1, wherein the tetravalent
salt is a zirconium salt.

5. A method as claimed in claim 4, wherein the zirconium
salt is a zirconium chloride.

6. A method as claimed in claim 5, wherein at least one
anti-corrosion agent is injected simultaneously with the
zirconium chloride.

7. A method as claimed in claim 1, wherein the tetravalent
salt concentration ranges between 0.05 ppm and 50 ppm.

8. A method as claimed in claim 1, wherein the flotation
is performed at least by injecting a gas into the aqueous
solution.

9. A method as claimed in claim 8, wherein the injected
gas is nitrogen.

10. A method as claimed in claim 1, wherein the solution
further comprises a phase in form of dissolved gas, and the
flotation is performed at least through decompression of the
aqueous solution.

11. A method as claimed in claim 1, wherein the aqueous
solution further comprises a surfactant.

12. A method as claimed in claim 1, wherein the aqueous
solution is a produced water.

13. A method as claimed in claim 1, wherein the aqueous
solution is a produced effluent whose water/oil ratio is above
98%.
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14. A method as claimed in claim 13, wherein a step of
primary separation of the phases present in the effluent is
carried out beforehand, through gravity, centrifugal or
hydrocyclone-driven separation.
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